Purpose Hedgehog signalling plays an important role during the development of tissues and organs, including bone and limb. Dexamethasone (DEX), a synthetic and widely used glucocorticoid, affects osteogenesis of bone marrow mesenchymal stem cells (MSCs), while the signalling pathway by which DEX affects osteoblast differentiation remains obscure. This study aimed to investigate expressions of hedgehog signalling molecules Shh, Ihh and Gli1 during DEX-induced osteogenesis of rat MSCs in vitro. Methods DEX promoted osteoblast differentiation of MSCs at 10 −8 mol/L from seven days to 21 days, demonstrated by enhancing alkaline phosphatase (ALP) activity and osteoblast-associated marker type I collagen expression during osteoblastic differentiation. Gene and protein expressions of hedgehog signalling molecules, Shh, Ihh and Gli1
Introduction
Mesenchymal stem cells (MSCs) constitute a population of pluripotent cells within the bone marrow, which are capable of differentiating into a number of cell lineages including adipocytes, chondrocytes, myocytes and osteoblasts [1] . MSCs have been shown by in vivo transplantation to differentiate into osteoblasts [2, 3] . MSCs are considered as a promising candidate cell source for bone tissue engineering and regeneration. Small molecules that selectively induce osteoblast differentiation would provide useful tools to study the molecular mechanisms of osteoblast differentiation and ultimately might lead to useful therapeutic agents for the treatment of bone diseases, but the mechanisms have yet to be elucidated.
Dexamethasone (DEX), a synthetic form of glucocorticoid, can induce osteoporosis and even pathological fracture [4] . As normal bone turnover depends on a balance between osteoblasts and osteoclasts, it is suggested that DEX may suppress osteoblast differentiation both in vivo and in vitro [5] . However, many studies have shown that DEX in vitro enhances the osteoblast differentiation, alkaline phosphatase (ALP) activity and bone mineralisation [6] [7] [8] . Whether DEX inhibits or promotes osteoblast differentiation and bone formation in MSCs remains controversial [9] , and biological mechanism and signalling pathway by which DEX affects osteoblast differentiation remain obscure.
The hedgehog (Hh) family of signalling molecules is conserved throughout evolution with three secreted proteins that have been identified in mammals: Sonic hedgehog (Shh), Indian hedgehog (Ihh) and Desert hedgehog (Dhh) [10] . The hedgehog developmental signalling pathway is essential for proper embryonic development and functions in distinct tissues during adult life [11] . Recently, the hedgehog pathway has been associated with organ-specific metastasis to the bone [12, 13] . However, there is little available data about the role of hedgehog signalling molecules in osteogenic differentiation of bone marrow mesenchymal stem cells induced by DEX. In this study, we study the expressions of Shh, Ihh and Gli1 during osteoblast differentiation induced by DEX in rat mesenchymal stem cells.
Materials and methods

Experimental animals and rat MSCs isolation
All experimental animals were approved by the Local Ethics Committee for Animal Care and Use of Shandong University in China. Twenty four-week-old Wistar male rats weighing approximately 90-100 g were purchased from Shandong University Animal Centre (Jinan, China). Rats were killed by the cervical dislocation method. Both femora and tibiae were dissected under aseptic conditions. The bone marrow cells were flushed out of the femora and tibiae with Dulbecco's modified Eagle's medium-low glucose (DMEM-LG, Gibco, NY, USA) using a five millilitre syringe. The marrow cells were seeded at a concentration of 5× 10 5 /cm 2 in 30 ml plastic flasks (Corning, USA) containing DMEM-LG supplemented with 10 % foetal calf serum (Gibco, Milan, Italy), 1 % glutamine (Sigma, St. Louis, MO), and 1 % penicillin-streptomycin (Sigma). The cells were then incubated in 5 % CO2 at 37°C, and the medium was changed every three days. When the cells reached 80-90 % confluency in the flasks, cells were trypsinised (0.25 % trypsin, GIBCO) and expanded into plates as passage.
Surface antigens of cultured cells
Surface antigens of cultured cells were detected as described previously [14] . The passage 3 MSCs were harvested and the cell density was adjusted to 1×10 7 cells/ml with PBS. Then the cells were labelled with CD34-PE and CD44-FITC at 4°C in the dark for 30 minutes, washed once with PBS and subjected to surface antigen assays by flow cytometry.
Induction of osteoblast differentiation in rat MSCs
Rat MSCs from passage 3 were seeded in six-well plates at the concentration of 1×10 5 /cm 2 . After pre-culture for 24 hours, the MSCs were allowed to culture in osteogenesis culture medium (including 10 −8 mol/L Dexamethasone, 10 mmol/L β-glycerophosphate, 50 μg/ml ascorbic acid and 50 μg/ml vitamin C) according to the experimental requirements for up to 21 days [15] . All MSCs were incubated in 5 % CO2 at 37°C, and the medium was replaced every three days before harvest.
ALP activity assay
The MSCs were harvested and resuspended in 250 μl of culture supernatants, followed by cell breaking with an ultrasound breaker. Using the ALP Detection Kit (Millipore, German), the ALP activities in the cell supernatants were quantified after the catalytic reaction at 405 nm on a spectrophotometer (Bio-Rad, Hercules, CA, USA).
Immunocytochemistry
MSCs were fixed with 4 % paraformaldehyde in PBS (pH 7.4), permeabilised with 0.5 % Triton X-100 in PBS, and washed with PBS at room temperature. After blocking with 5 % non-fat dry milk in PBS, cells were incubated with the goat anti-type I collagen antibody, one of the osteoblast-associated markers (1:100, Santa Cruz Biotechnology, CA, USA), at 4°C for 12 hours. Cells proceeded to incubate with rat anti-goat IgG HRP (1:500, Santa Cruz Biotechnology, CA, USA) at 37°C for one hour and then were washed with PBS three times. Then, the staining was developed with a DAB staining kit according to the manufacturer's protocol (Zhongshan Golden Bridge, Beijing, China) and visualised using a converted microscope.
RNA extraction and RT-PCR
Total RNA was isolated by using Trizol reagent (Invitrogen, CA, USA) according to the manufacturer's protocol. RT-PCR was performed by M-MLV Reverse Transcriptase (Invitrogen, CA, USA) according to the manufacturer's specifications. Briefly, first strand cDNAs were synthesised at 37°C for one hour in 20 μl reaction mixture using 2 μg isolated mRNA. The serially diluted first-strand cDNA samples were used as templates. β-actin was a normalisation control for RT-PCR synthesis of cDNAs. The primer sequences were listed as follows: Shh: 5′-CAATTACAACCCCGACATCA-3′
(forward) and 5′-AGTCACTCGAA GCTTCACTCC-3′ (reverse); Ihh: 5′-TCAGCGATGTGCTCATTTTC-3′ (forward) and 5′-CCTCGTGAGAGGAGCATAGG-3′ (reverse); Gli1: 5′-TTCAACTCGATGACCCC ACC-3′ (forward) and 5′-GGCACTAGAGTTGAGGAATT-3′ (reverse). PCR amplification was performed for 30 cycles, and the cycling conditions were as follows: 94°C for 30 seconds, 59°C (β-actin) or 53°C (Shh, Ihh and Gli1) for 40 s, 72°C for 45 s, with a final extension at 72°C for ten minutes. PCR products were assayed by 1 % agarose gel electrophoresis and analysed under UVI gel-image analysis system (UVI, UK). Relative density of objective mRNA was indicated by the ratio of OD objective to OD β-actin .
Western blot analysis
Cells were suspended in standard sodium dodecyl sulphate (SDS) sample buffer. Protein concentrations were determined with a Bio-Rad protein assay kit, using bovine serum albumin (BSA) as reference. Proteins (50 ng) were separated on SDS-polyacrylamide gels electrophoresis (10 % acrylamide), transferred to nitrocellulose membranes, and then probed with goat anti-Shh (ab19897) (1:500, Abcam, USA), rabbit anti-Ihh (ab52919) (1:1000, Abcam, USA), rabbit anti-Gli1(ab49314) (1:500, Abcam, USA) and rabbit anti-GAPDH (1:2000, Sigma, USA), followed by incubation with horseradish peroxidase-conjugated secondary antibodies (ICN, USA). Proteins were visualised with a SuperSignal West Pico chemiluminescence kit (Pierce, USA).
Statistical analysis
Each experiment was performed at least in triplicate. Statistical significance was assessed using Student's t-test. Data were presented as mean ± SEM, and p<0.05 was considered significant. 
Results
Surface antigen identification of MSCs and multilineage differentiation of MSCs
The isolated cells were identified by flow cytometry for assaying CD34-PE and CD44-FITC as previously described [16] . In the study, the results revealed that isolated cells were CD44 + (90.16 %) and CD34 + (2.27 %). The surface antigen identification and mutilineage differentiation ability supported that these isolated cells were MSCs.
ALP activity and expression of type I collagen in MSCs during osteoblast differentiation induced by DEX Cells in the mesenchymal condensation differentiate into osteoblast lineage based on simultaneous expression patterns for known osteoblast-associated markers (collagen type I, alkaline phosphatase, osteopontin, bone sialoprotein, PTH1R and osteocalcin) [17] . Here, ALP activity and type I collagen expression were tested to determine osteogenesis in rat MSCs treated with 10 (Fig. 1 a-f) .
Shh, Ihh and Gli1 mRNA expression during DEX-induced osteoblast differentiation in MSCs
The hedgehog signalling pathway (Hh) has been associated with the proliferation of MSCs, and played a major role in the induction of osteogenic and chondrogenic differentiations. However, there is little available data about the role of hedgehog signalling molecules in osteogenic differentiation of bone marrow mesenchymal stem cells induced by DEX. In the nucleus, signalling of hedgehog is mediated by transcription factors of the Gli family: Gli1, Gli2, and Gli3. Gli transcription factors activate or repress downstream targets that mediate hedgehog signalling. Gli3 has been shown to act as a repressor of Ihh target genes in chondrocytes, but the role of other Gli isoforms is less clear in osteogenesis [18] . Our results indicated that mRNA expression of Shh was up-regulated while that of Ihh and Gli1 were down-regulated obviously as compared with that of control cells after 10 −8 mol/L DEX treatment (P<0.05; Fig. 2 ). Shh, Ihh and Gli1 mRNA expression levels at days zero, seven, 14 and 21 showed time-dependent increases or decreases in rat MSCs after treatment with DEX.
Shh, Ihh and Gli1 protein expression during DEX-induced osteoblast differentiation in MSCs
To confirm that DEX changed expression of genes in the hedgehog signalling pathway, western blot experiments were carried out on Shh, Ihh and Gli1 protein expression. We analysed Shh, Ihh and Gli1 expression in rat MSCs treated with 10 −8 mol/L DEX for zero, seven, 14 and 21 days. This concentration of DEX significantly increased osteoblast expression of type I collagen. The expression level of Shh increased in the DEX induction group compared with the non-induction group (Fig. 3a) (p<0.05). Expressions of Ihh and Gli1 decreased in the induction group compared with the non-induction group (Fig. 3b and c ) (p<0.05). The expression of the hedgehog target molecule Gli1 obviously decreased in osteogenesis after 21 days DEX induction (p<0.05).
Discussion
Dexamethasone (DEX) was identified to selectively induce osteogenesis in multipotent mesenchymal progenitor cells. It has been proven that differentiation induced by 10 −8 mol/L DEX induces osteogenesis in MSCs [15] . Our study confirmed that DEX promoted osteoblast differentiation in rat mesenchymal stem cells at the concentration of 10 −8 mol/L from seven days to 21 days, demonstrated by up-regulation ALP activity and expression of osteoblast-associated markers type I collagen. Hedgehog (Hh) signalling has been implicated in the development of osteoblasts and osteoclasts whose balanced activities are critical for proper bone formation [19] [20] [21] . Transcription factors of the Gli family (Gli1, Gli2, and Gli3) activate or repress downstream targets that mediate hedgehog signalling. Gli3 has been shown to act as a repressor of Ihh target genes in chondrocytes, while the role of other Gli isoforms is less clear in osteogenesis. Here, we investigated the expressions of Hh signalling molecules, including Shh, Ihh and Gli1, during osteoblast differentiation induced by 10 −8 mol/L DEX in MSCs. This study showed that DEX increased Shh expressions while decreased Ihh and Gli1 expression on both RNA level and protein level during osteoblastic differentiation in MSCs. The expression level of Gli1 was significantly down-regulated after 21 days treatment with DEX, suggesting that DEX enhances Shh expression via a Gli1-independent mechanism during osteoblast differentiation of MSCs. The other Gli transcription factors, Gli2 or Gli3, need to be further studied during osteoblast differentiation of MSCs induced by DEX. Our results suggested that Shh and Ihh signalling has been implicated in the development of osteoblast differentiation induced by DEX whose balanced activities may be critical for proper bone formation. Some clinical evidence showed that DEX was an effective adjuvant to bone healing [22] . Corticosteroid injection into unicameral bone cysts has been a standard treatment for many years and has been demonstrated to promote bony healing of the lesion. Patients with cranial injuries often receive high doses of DEX. They also frequently form heterotopic bone. Whether DEX administration contributes to this excess bone formation is not known; our results provided insights into the mechanistic link between glucocorticoid-induced osteogenesis and hedgehog signalling pathway, which is a subject of clinical interest.
In summary, these results demonstrate that DEX can affect Shh, Ihh and Gli1 expression during osteogenic differentiation of MSCs confirming and extending the findings of the hedgehog signalling pathway's involvment in osteoblasts differentiation [23] [24] [25] . These findings provide insights into the mechanistic link between the hedgehog signalling pathway and DEX-induced osteoblast differentiation of MSCs. Since it is still not known what the mechanism of the hedgehog signalling pathway's involvment in DEXinduced osteoblast differentiation of MSCs is, further studies will need to identify additional details about this association.
